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INTRODUCtiON 


Interest  in  plasma  physics  has  been  greatly  increased  by  the  practical  uses  that 
are  envisaged  for  plasmas  in  such  devices  as  thermionic  energy  converters^  plasma  prppuU 
siCn  engines,  and  theifnonuctear  reactors*  At  the  high  plasma  densities  required  for  realisitiG 
devices,  one  of  the  more  important  deionizing  mechanisms  tending  to  destroy  the  plasma  is 
radiative  recombination*  Hence,  knowledge  of  the  value  of  the  radiative  recombination  coef* 
ftcient  dr  cross-section  is  essential  to  the  rational  design  of  a  large  class  of  uselul  devices. 
Up  to  the  present  time  consistent  and  accurate  values  of  the  radiative  recombination  cross- 
section  have  not  been  available.  As  a  result  several  measurements  of  recombination  are  in 


process  in  various  laboratories^  Among  these  is  the  present  program  being  supported  at 
RCA  Laboratories  by  the  U*  S*  Army  Transportation  Research  Command.  This  pfogram  is 
distinguished  by  utilizing  a  beam  method  ultimately  capable  of  separatiiig  the  components 
of  the  reaction  before  and  after  reGOmbihation  takes  place*  This  technique  is  not  subject 
to  the  uncertainties  which  plague  the  other  methods,  all  of  which  rely  on  measurements  made 
on  a  oomplex  plasma. 

Measurements  of  the  volume  recombination  coefficieht,  a,  of  ions  and  electrons  in 
gas  discharge  afterglows  using  photometric  arid  probe  techniques  were  made  by  various 
workers  during  the  late  1920*s  and  1930*s.  These  measurements  yielded  values  of  a  of 
the  order  of  10^^^  cmVsec*  Later,  microwave  measurements  of  the  complex  conductivities 
of  afterglows  wore  used  to  Hnd  the  ambipolar  diffusion  coefRcient  and  the  volume  recombi¬ 
nation  ooefficient.^*^^  These  later  measurements  yielded  values  of  the  recombination  coef¬ 
ficient  which  were  about  three  orders  of  magnitude  larger  than  those  found  by  the  probe 
method.  Theoretical  calculations  of  radiative  and  dielectlqnic  recombination  ^^*^9  predict 
values  of  a  some  two  orders  of  magni  tude  (a  »  smaller  than  the  values  found 

by  the  probe  method  and,  hence,  five  orders  of  magnitude  smaller  than  the  Values  yielded 
by  microwave  measurements.  However,  the  theoretical  values  of  the  dissociative  recombi* 
nation  coefficient^^'^^  are  of  the  same  order  of  magnitude  (lO***^)  as  those  found  by  the 
microwave  measurements.  On  the  basis  of  the  low  degree  of  ionization  percent) 

employed  in  the  microwave  measurements  as  compaFed  to  the  probe  measurements  (10-^ 

•10*^  percent),  it  has  been  supposed  that  the  microwave  experiments  measure  dissociative 
recombination  rather  than  radiative  recombination. There  seems  to  be  no  good  guess 


as  te  just  what  was  measured  by  the  probe  experiments. 

More  reoenUy  D’Angelo  has  proposed  that  a  three*body  type  of  recombination  in* 
Volving  twQ  eleGtrpns  and  one  ion  can  explain  the  compantively  large  values  of  o  that  have 
been  pbserved.^^  Thus,  at  high  electron  densities  (10^^  ^10  cm^)  he  predicts  a*S  to  be 


from  20i^70  times  the  usual  (theoretical)  radiative  recornbination  coofflcient  for  hydrogen. 
That  this  type  Of  threei^body  recpmbinatipn  is  important  in  dense  helium  plasmas  is  cpn* 
finned  in  an  experiment  by  Kuckes  et  al.^^  Hinnov  and  Hirschberg,  in  a  different  calculation 
involving  a  two«election,  one-ion  type  of  lecombination,  predict  even  higher  values  of  a 
at  high  electron  densities.  They  also  measure  the  recombinatim  coefficient  in  plasma  after* 
glows  (helium  and  hydrogen)  by  spectroscopic  means  and  get  good  agreement  with  their 
computation.^^  In  addition,  Hinnov  and  Hirschbera’s  computation  is  in  substantial  agree¬ 
ment  with  tile  computation  of  Bates  and  Kingston^^  and  that  of  McWorter.^^  Finallyy  in  a 
very  recent  paper  Byron  et  al^^  give  a  ’-simple  general  method  of  calculating  both  the  eloo- 
Iron  temperature  and  the  net  rate  of  tiiree*bo^  recombination/*  Their  calculation  is  in 
good  agreement  with  that  of  Bates  and  Kingston* 
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in^faf  as  specific  measurements  on  the  cesium  recombination  are  Goiieernedt  the 
only  reasonable  ones  to  date  appear  to  be  those  made  by  Mohler  using  the  probe  technique^ 
He  finds  a  *  3.4  x  10*^^  cm  Vsec. 

It  is  clear  that  further  work  on  recombination  is  necessaiy  to  resolve  the  discrep¬ 
ancies  that  still  exist  despite  some  encduraging  recent  work.  The  microwave  and  probe 
techniques  suffer  the  common  disability  of  not  being  able  to  distinguish  Clearly  between 
the  particular  types  of  recombinaUon  taking  place.  In  addition^  the  probe  experiments  are 
subject  to  all  the  errors  inherent  in  the  use  of  Langmuir  probes  to  measure  plasma  prop¬ 
erties,  as  has  been  shown  by  work  performed  at  these  Laboratories.^^  All  the  experimental 
methods  that  have  been  employed  involve  the  determination  of  the  recombination  coeffioient. 
These  experiments  are  thus  always  performed  on  a  complex  plasma  in  which  it  is  difficult 
to  isolate  the  specific  interactton. 

To  help  resolve  these  difficulties  and  to  supplement  the  very  scant  information  now 
available  on  cesium  recombination,  the  present  experiment  to  measure  the  cross-section 
rather  than  the  coefficient  for  the  volume  recombination  of  cesium  ions  and  electrons  has 
been  undertaken. 

The  method  employed  here  to  measure  recombination  is  one  that  has  not  hereto^ 
fore  been  used  for  this  purpose.  This  method,  in  brief,  involves  the  passage  of  a  beam 
of  ions,  which  potentially  may  be  mass  analyzed,  through  a  modulated  **cloud**  of  elec¬ 
trons.  The  emergent  beam  is  then  passed  through  a  transverse  electric  field  which  sepa¬ 
rates  ions  from  atoms.  The  modulated  current  of  recombined  atoms  is  detected  by  means 
of  the  secondary  electrons  emitted  when  the  relatively  fast  atoms  fall  on  a  metallic  sur¬ 
face.  One  is  thus  able  to  find  the  cross-section  for  recombination  between  electrons  and 
ions  in  an  unambiguous  way* 

In  the  following  sections,  the  beam  technique  of  measuring  radiative  recombination 
will  be  described  and  analyzed.  First  the  general  expeFimental  technique  will  be  outlined. 

In  order  to  do  this,  a  brief  review  of  the  theoretical  analysis  Of  the  passage  of  an  ion  beam 
through  an  electron  cloud  will  be  given*  An  overail  picture  of  the  apparatus  will  then  be 
drawn  and  the  general  method  of  operation  explained.  Following  this,  each  component  of 
the  apparatus  will  be  described  in  modest  detail.  The  results  of  tests  made  on  the  individ¬ 
ual  components  will  be  included  where  pertinent*  At  the  conclusion,  a  brief  description 
of  some  Very  preliminary  tests  that  have  been  made  on  the  apparatus  will  be  given*  The 
results  of  these  testSf  which  give  some  indication  that  the  method  is  workable,  will  be 
discussed  in  conjunction  with  an  overall  critique  on  the  sensitivity  of  (he  method. 
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BASIC  OF  THi  tON  BEAM  MltHOD 
OF  MEASURING  RECOMBINATION 

In  ot^r  to  understand  how  the  beam  method  of  measuring  recombination  works, 
consider  the  following  analysis  of  the  passage  of  an  ion  beam  of  current  at  any  point  i| 
and  of  homogeneous  velocity  V|  through  an  electron  cloud  which  has  a  density  of  elec* 
tions  Kq.  If  for  the  moment  the  electrons  are  considered  as  being  at  rest  but  randomly  dis« 
tributed  in  space,  then  the  current  of  ions  dli  which  is  lost  from  the  ion  beam  by  recombi* 
nation  after  the  ion  beam  has  traveled  a  distance  dx  through  the  electron  cloud  is 


^1  -  -  I,  No  QR(v,)dx.  (1) 

Here  Qr  (v,)  is  the  cross«section  for  recombination  at  a  relative  velocity  between  the  ion 
and  the  electfons  of  v,.  Integrating  (l)i  the  current  of  ions  (I|)  remaining  after  the  ion  beam 
travels  a  distance  x  through  the  electron  cloud  is  found  to  be 

1  1 
1,  -  Iq  e 

Iq  is  the  initial  ion  current  which  enters  the  electron  cloud  at  x  «  o.  The  current  of  atoms 
Ir  (recombined  ions)  at  the  point  x  will  be  given  by  the  difference  1|,  thus 

In  any  practical  case  Qr  (y,)  x  <  <  1  (being  approximately  10**^);  hence«  to  a  high 
degree  of  accuracy » 

Ij  ,  Io(l-N„QB(Vr)x)  (2«) 

and 

Ir  Qr(v,)x,  (2b) 

In  an  actual  physical  8ituation«  the  electrons,  rather  Uian  being  stationary,  will  be 
moving  wiUi  the  Maxwellian  velocity  distribution  appropriate  to  the  temperature  of  the  eleo» 
tion  cloud  (Tq).  From  the  analysis  of  the  free  path  of  a  particle  of  one  type  in  a  gas  of 
ahotheri  tte  probability  per  unit  time  ^  that  an  ion  wiUi  velocity  V|  makes  a  reccmbi« 
naUoB  Elision  wiUi  an  electron  is^*  ” 

%  .To  •  Np  QB(V|)(2kTo/»m)’^  e"^+(2f+-|.) ,  (8) 
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Hefo  ^  =  V|  kf  g)  ni  is  the  electiroii  rfiass,  k  is  Bditzmahn's  ceiiStaftti  and  Qi{  (V|) 
is  the  Fecombination  cross»seetion  averaged  over  the  relative  veloeity  between  ion  and 
electrons  (v^),  In  deriving  (3),  (v^)  enters  into  %e  integral.  The  approximation  of  taking 

Q|{(Vj,)  out  of  the  integrand  as  a  eons  tan  t  equal  to  ^(v|)  was  made.  In  addition ,  to  a  good 
degree  of  approximation,  Qr(V|)  »  QR(V  j,)^®  where  is  the  average  relative  velocity  be* 
tween  electrons  and  ions.  The  ions  travel  a  distanee  x  in  time  x/vj ,  and  thus  each  ion 
has  a  probability  Oy  .j.  x/V|  of  making  a  recombination  collision  in  traveling  this  dls* 
tance.  As  a  result,  * '  "the  current  of  recombined  ions  (atoms)  is 


h  ^  h  .Tp  • 

If  an  effective  electron  density  Np  is  defined  as 

(4) 

(6) 

by  solving  (5)  for  6^  «  and  substituting  in  (4)  one  obtains, 
(2a,  b), 

in  analogy  wi  th  equations 

^  JoNeQR(v^)x 

(6a) 

I,  -  Ip  (l-NpQR(r,)x). 

(6b) 

Equations  (6a,  b)  form  the  basis  of  the  beam  method  of  measuring  the  recombination  cross* 
section.  If  a  beam  of  ions  of  known  current  is  passed  through  an  electron  cloud  of  known 
density  and  temperature  and  if  the  current  of  reoombined  atoms  can  be  measured,  equation 
(6a)  can  be  used  to  find  Qi{(v^)« 

Measurements  that  have  been  made  in  the  past  yield  the  recombination  coefficient 
rather  than  the  recombination  cross'section^  As  a  result,  it  is  useful  to  give  the  relation 
between  these  quantities.  The  recombination  coefBcient,  a,  may  be  understood  as  follows, 
CSOnsider  a  plasma  with  an  ion  density  N|  and  an  electron  density  N^.  The  rate  of  loss  of 
ions  by  recombination  is  equal  to  the  rate  of  loss  of  electrons  and 


*  aN^N,. 


(7) 


Consider  for  the  moment  a  stationary  cloud  of  electrons  and  an  ion  beam  Impinging  on 
the  electrons  with  velocity  V|  and  current  density  J|.  The  ion  density  is  then  N|  >•  J|/V|e 
and  edN|/dt »  dJ./dx  since  V|  is  considered  not  to  vary  with  time  or  distance.  Since 
equation  (2)  applies  equally  well  to  the  current  density  for  constant  diameter  beams  which 
are  here  assumed,  dJ|/dx  -  Q|i(V|).  Thus  fipm  (7),  Jp  Qi{(V|) «  e  a(V|)N| ,  where 

a(V|)  is  the  recombination  coefficient  for  a  relative  velocity  V|,  In  any  practical  case, 

J|  ^  Jg  and 


Qr(v,) 


«(V|) 


(8) 


4 


In  a  real  situatidn,  (he  measured  a  weuld  be  an  average  ever  the  relative  velocity  between 
the  ions  and  electrons.  Thus  a  ^  fv  (v)  f  (v)  dv,  where  f  (v)  is  the  normalized  distri> 
bution  of  relative  velocities  between  tne  eiecb;ons  and  ions.  A  good  approximation^^  to 
this  integral  is 

^  %  (Vf)  • 

Thus  to  the  degree  of  approximalion  of  (9)^  a  and  Q  are  simply  related  through  th^  average 
relative  velocity  between  ion  and  electron. 

Thus,  as  a  brief  summary:  if  an  ion  beam  of  known  current  is  allowed  to  pass 
through  an  electron  cloud  of  known  length,  density^  and  temperature  and  if  the  current  of 
recombined  ions  (atorns)  can  be  measured ^  the  recombination  cross-section  is  obtained  by 
Applying  equation  (6a)i  A  schematic  diagram  of  the  experimental  apparatus  constructed  to 
implement  the  method  outlined  in  the  previous  section  is  shown  in  Figure  1.  The  actual 
layout  of  the  apparatus  is  shown  in  Figure  2.  An  iOn  beam  is  formed  at  the  ion  gun  and 
focussed  through  the  recombiner.  A  cloud  of  electrons  is  formed  and  can  be  modulated  in 
the  fecombiner  by  the  action  of  the  grids  The  density  of  electron s  can  be  computed  from 
knowledge  of  the  grid  current  and  the  fecombiner  geometry.  After  passing  through  the  elec* 
iron  cloud,  the  beam,  now  consisting  of  ions  and  a  relatively  small  number  of  recombined 
Ions  (atorns)^  passes  through  the  electric  deflecting  plates,  where  the  ions  are  deflected 
upward  while  the  atoms  continue  in  the  ongihal  direction.  The  ions  are  collected  in  a 
Faraday  cup  ion  collector  which  is  guarded  by  a  secondary  electron  suppressing  electrode. 
Because  of  the  small  amount  of  recombination  that  takes  place,  the  current  to  the  ion  col* 
lector  is  essentially  1^.  The  undefleCted  atoms  continue  to  the  first  dynode  of  an  electron 
multiplier.  The  relatively  high*enefgy  atoms  are  detected  by  means  of  the  secondary  elec* 
tiohs  which  are  emitted  when  the  atoms  fall  on  the  dynode^  The  multiplier  Output  is  pro¬ 
portional  to  the  recombined  current  of  atoms.  The  constant  of  proportionality  must  be  found 
by  means  of  subsidiary  calibrations  which  will  be  described  later*  The  entire  assembly  is 
housed  in  a  vacuum  system  capable  of  maintaining  veiy  high  and  clean  vacuum  conditions 
yet  flexible  enough  to  permit  convenient  component  replacement  and  the  addition  of  various 
interesting  modifications,  such  as  mass  selection  of  the  ions  prior  to  recombination,  initial 
trials  of  the  apparatus  have  been  made,  and  signals^  which  it  is  believed  are  due  to  recom^ 
bination,  have  been  observed.  The  qualifications  for  this  latter  observation  will  be  given 
in  the  discussion  section.  A  prime  requirement  for  the  final  evaluation  of  any  measurements 
made  in  tiris  apparatus  is  an  understanding  of  the  operation  of  each  of  the  components* 
ThuSf  in  the  following  sections,  each  of  the  components  will  be  discussed  in  detail. 
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APPARATUS  TO  MEASURE  ALKALI  RECOMBINATION 

FIGUR  E  i 


KEY. 

V,  -  ION  SOURCE 

V|  -  FOCUSINQ  ELEGtRbOES 


FIGURE  3 


maximum  current,  will  diverge  by  a  given  amount  in  apprc>ximately  one-half  the  distance 
that  one  would  calculate  from  the  simple  theory.  Thus,  the  current  predicted  using  (10) 
should  be  reduced  by  at  least  a  factor  of  4.  Using  these  considerations,  ion  currents  ap^^ 
prdximately  ten  times  as  large  as  those  that  have  been  obtained  would  be  predicted.  Since 
the  ion  gun  design  is  theoretically  capable  of  prpvi<hiig  the  proper  convergence  to  reach 
the  limitihg  current  density,  it  is  clear  that  the  system  is  limited  by  the  ion  source.  In 
addition,  the  nonuniform  nature  of  the  emission  from  the  cesium  alumihum  silicate  source 
causes  a  considerable  variation  of  the  optimum  focusing  voltages  as  the  source  ages.  As 
a  result,  the  use  of  a  porous  plug  type  of  ion  source  to  replace  the  present  source  is  being 
considered. 


9 


THi  RiCOMBINlR 

In  order  to  obtain  a  high  density  of  thermal  eleGtrpns  in  some  region,  it  is  neces* 
sary  to  overcome  the  space  charge  force  tending  to  keep  the  electrons  apart*  There  are 
two  methods  to  do  this  that  have  been  considered  here  and  which  will  be  discussed.  One 
of  these  methods  is  now  being  employed  in  the  apparatus,  and  there  is  a  strong  likelihood 
that  the  second  method,  which  yields  a  higher  density,  will  be  put  into  effect  in  the  future. 
Briefly,  the  first  method  overcomes  space  charge  by  accelerating  the  electrons  towards  the 
axis  in  a  cylindrical  geometty.  This  method  gives  a  high  electron  density  over  a  very  small 
Volume.  The  second  method  achieves  a  high  electron  density  by  neutralizing  the  electrons 
with  positive  ions.  The  possible  effect  of  the  ions  on  the  recombination  will  be  discussed 
later.  Ash  and  Gabor^^  have  described  electron  interaction  experiments  which  used  both 
of  these  methods  and  in  which  some  experimental  values  Of  the  electron  densities  were 
found.  They  do  not  however,  give  a  theoretical  treatment  which  is  appropriate  to  the  condi* 
tions  of  the  recombination  experiment. 

The  recombiner  using  the  first  metiiod  considered  and  inGOrporated  in  the  recombi¬ 
nation  apparatus  at  the  present  time  is  shown  in  Figure  4.  In  a  cylindrical  arrangement, 
electrons  are  accelerated  towards  the  reCombtner  axis  by  a  positive  voltage  applied  to  the 
grid.  The  action  of  the  electron  space  charge  depresses  the  potential  in  the  recombiiior  to 
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zero  at  some  radius  b.  At  this  radius  the  space  charge  density  is  highest,  laliing  off  to¬ 
wards  the  axis  where  the  potential  becomes  negative*  Thus,  the  result  of  this  arrangement 
is  to  achieve  a  relatively  high  density  of  electrons  near  the  axis  of  the  recombiner  where 
the  ion  beam  can  readily  be  placed.  A  theoretical  calculation  for  a  similar  paTallel  plane 
arrangement  is  given  in  Appendix  L  The  results  of  this  calculatidn  give  a  lower  limit  on 
the  density  that  would  be  obtained  in  the  cylindrical  casei  This  limit  certainly  does  not 
differ  by  more  than  a  factor  of  2  from  the  true  cylindrical  Valuei^®  If  the  accuracy  of  the 
remaining  parts  of  the  experiment  becomes  sufficiently  highj  more  precise  computations 
can  be  carried  out. 

The  results  of  the  computation  have  been  used  to  plot  the  voltage  distribution  and 
the  electron  density  for  a  typical  case  using  the  same  dimensions  as  the  recombiner.  These 
are  shown  in  Figures  5  and  6*  As  can  be  seen,  the  voltage  and  density  Vaty  rapidly  with 
distance  from  the  fecombiner  axis.  Thus  a  proper  average  must  be  Used  to  obtain  the  net 
density  appropriate  to  the  recombination.  This  is  done  by  noting  that  tlie  cross-section  for 
recombination  falls  as  approximately  the  inverse  of  tiie  electron  energy.  Thus,  the  density 
at  each  point  in  the  positive  potential  region  of  Figure  6  is  divided  by  the  ratio  of  the 
average  energy  at  that  point  to  the  average  energy  at  V  =  0*  The  resulting  modified  density 
can  then  be  averaged  over  the  region  of  the  recombiner  occupied  by  the  ion  beam.  When 
this  is  done  for  the  case  shown,  the  average  density  is  found  to  be  approximately 
3  X  lO^/cm^. 

As  is  rdear  from  the  calculation  of  Appendix  1,  the  current  density  passing  through 
the  grid  must  be  known.  This  current  density  is  readily  found  from  the  current  intercepted 
by  the  grid  if  the  grid  transmission  is  known.  It  can  be  shown  that  if  the  grid-cathodo 
spacing  is  much  larger  than  the  grid  “hole’*  size,  the  electron  transmission  ratio  through 
the  grid  is  equal  to  the  geometric  grid  transmission  (ratio  of  “hole”  area  to  total  grid  area). 

This  is  the  case  for  the  recombiner,  and  the  grid  transmission  is  69%.  The  recombiner  in 
this  case  is  pulsed  off  by  making  the  cathode  positive  with  respect  to  the  grid.  The  grid 
is  held  at  ground  potential  so  that  the  ion  beam  does  not  ‘-see”  the  pulse. 

The  mechanical  details  of  the  recombiner  are  straightforward  and  can  be  seen  in 
Figure  4.  The  grid  is  identical  to  the  “nuvistor”  grids  employed  in  the  RCA  tube  type  of 
that  name.  The  grid,  which  is  self  supporting,  is  allowed  to  slip  in  the  ceramic  bushings 
to  prevent  binding  when  the  cathode  i$  heated.  The  cathode  is  a  nickel  cylinder  coated  on 
the  inside  with  a  standard  triple-oxide  cathode  coating.  A  unifpim  coating  is  achieved  by 
rotating  tire  cathode  while  the  coating  is  being  applied.  The  cathode  heater  is  npninductive. 

Good  activation  of  the  recombiner  cathode  has  been  achieved,  and  current  densities  of  the 
order  of  100  ma/cm^  have  been  passed  through  the  grid* 

The  second  method  of  achieving  relatively  high  electron  densities  is  based  on  the 
observation  of  Ash  and  Gabor^^  that  the  electron  cloud  inside  a  hollow  cylindrical  cathode 
is  almost  unavoidably  neutralized  by  the  presence  of  ions  (probably  barium)  from  the  cathode*  ^ 

They  find  fairly  uniform  electron  densities  of  the  order  of  10^  Vcm-  in  such  hollow  eylin*^ 
drical  cathodes.  Since  they  discuss  this  matter  at  length  and  the  work  here  on  this  approach 
has  just  started)  nothing  more  will  be  said  now  about  the  magnitude  and  uniforinity  of  the 
electron  density.  For  the  purposes  of  recombination  measurement,  however)  the  electron 
density  in  this  ”gridless”  case  can  be  modulated  by  the  appliGation  of  a  magnetic  field 
of  the  order  of  a  hundred  gauss  applied  paraUel  to  the  recombiner  axis.  The  field  would 
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DISTANCE  FROM  CENTER  OF  RECOMBINER  X/Cm 

FIGURE  6 


affect  the  ion  beam  only  slightly  while  cutting  off  the  electrons.  (The  electron  orbit  ra#us 
would  be  of  the  order  of  mills;  the  ion  radius,  ten  feet.)  The  effect  of  the  barium  ions  on 
the  recombination  has  not  yet  been  considered  fully.  It  is  thought  initially  that  the  miun 
effect  of  these  latter  ions  will  be  to  scatter  elastically  some  of  the  incoming  cesium  ions. 
Decause  of  the  wide  acceptance  angle  of  the  neutral  detector  and  the  high  rejection  by 
the  deflecting  Held  of  all  charged  ions,  it  seems  that  the  recombination  measurement  will 
not  be  stron^y  affected,  This  is,  of  course,  an  initial  and  tentative  conclusion. 
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ION  DlFLiCTOR  AND  FARADAY  CAGl 

The  beam  emergihg  fFom  the  fecombiner  is  passed  through  a  set  of  electfiG  deflecting 
plateSj  which  separate  the  ions  from  the  atoms.  A  dc  field  across  the  plates  deflects  the 
ions  to  a  Faraday  cage,  where  the  ion  current  is  measured. 

The  geomet^  of  the  deflecting  plates  was  optimized  to  cause  6  kv  Cs*ions  to 
defleGt  through  an  angle  of  15^  in  a  distance  of  one  inch  with  a  relati  vely  low  dc  field 
Value  of  1500  Volt/cm.  The  Faraday  cage  is  a  stainless  steel  cup,  .t9"  long  and  .20**  in 
diameter,  supported  by  a  tingie  glass  bead.  Insulation  is  important  here^  as  any  leakage 
current  wdutd  affect  the  reading  of  ion  cuFrent.  The  secondary  emission  currents  from  the 
metal  of  the  cage  are  suppressed  by  a  small  dc  gradient  applied  between  a  suppressor 
plate  and  the  cage. 

Both  the  deflectltig  system  and  the  Faraday  cage  operate  satisfactorily. 


THi  ATOM  DiTECTOR 


A  survey  was  made  of  several  possible  methods  for  detecting  low«density  beams 
of  neutral  atoms  possessing  energies  equivalent  to  a  few  kv.  Among  the  methods  consi dared 
Were: 

1.  Peteetion  of  /l•aGtive  Cs  obtained  by  irradiation  of  the  Gs|35  beam  with 
slow  neutrons. 

2.  Use  of  a  Faraday  cage  ion  detector  after  reionization  of  tbe  beam  by  electron 
bombardment. 

3.  Flashing  of  a  tungsten  surface  previously  coated  by  being  exposed  to  the 
atom  beam  during  a  known  period  of  time. 

4.  Direct  contact  ionization  of  the  Cs*atoms  at  the  surface  Of  a  heated  metali 
such  as  tungsten* 

5.  Use  ol  a  photomultiplier  to  detect  and  amplify  the  light  signals  produced  by 
the  impact  of  atoms  in  a  scintillation  crystal. 

6.  Production  of  secondary  emission  by  bombarding  a  suitable  surface  with  the 
atom  beam,  followed  by  electron  multiplication. 

After  a  preliminary  study ^  methods  1  and  2  were  rejected  because  the  interaction 
processes  involved  have  a  cross-section  too  low  to  provide  successful  detecUon.  Method 
8  is  essentially  a  dc  version  of  method  4,  without  selective  feature  with  respect  to  back¬ 
ground  Cs  and  foreign  ions^  Methods  4  and  5  were  considered  at  length  and  are  discussed 
in  Appendices  11  and  fl!.  Method  6  was  chosen  as  most  promising  for  (he  experiment  and 
is  discussed  below. 

THE  SECONDARY  EMISSION  DETECTOR  AND  ELECTRON  MULTIPLIER 

The  secondary  emission  from  metals  has  been  used  by  a  number  of  workers^®**^^ 
to  detect  low-energy  atomic  beams.  The  values  of  y ,  the  secondary  emission  coefficient, 
range  from  less  than  uni  ty  for  low-energy  beams  up  to  values  of  over  20  for  the  impact  of 
very  fast  Hg  atoms  on  surfaces  of  sodium  and  potassium.  In  most  cases,  however^  the 
value  of  y  does  not  appear  to  be  Ve^  sensitive  to  the  nature  of  the  solid  surface  but  is 
markedly  influenced  by  the  presence  of  an  absorbed  gas  layer.  Woric  of  Paetow  and  Walcher^^ 
with  Cs^  beams  shows  that,  in  cases  where  the  surface  has  not  initially  been  freed  of  all 
its  absorbed  oxygen,  a  composite  film  of  Cs  4-0  is  formed  and  that  a  saturation  value  of 
y  is  reached  when  this  composite  film  is  one  monolayer  thick. 

The  secondary  current  caused  by  a  neutral  atom  beam  of  the  order  of  10*  —  amp, 
such  as  is  expected  in  this  experiment,  can  most  conveniently  be  amplified  with  an  elec^ 
tipn  multiplier.  The  first  multiplier  dynode  is  used  as  an  atom-electipn  converter  with 
conversion  efficiency  which  appears  to  be  of  the  order  of  unity  for  6  kv  cesium  atoms. 

The  remaining  tiiirteen  stages  of  the  RCA  C-7187J  electron  multiplier  provide  a  current 
of  up  to  10^,  yielding  an  output  current  of  10*^  to  IQ*^  amp  with  a  high  signal^to- 
noise  ratio. 

Because  the  ratio  of  the  multiplier  output  current  to  the  input  atom  current  is  un¬ 
known  mid  in  addition  is  likely  to  vary  with  time  because  of  surface  contamination  effects, 


15 


a  moans  of  calibration  is  essential.  An  approximate  calibration  can  be  made  using  ions 
rather  than  atoms.  In  this  case  the  question  of  the  charge  dependence  of  the  secondary 
electron  detector  must  be  raised.  This  dependence  has  been  iitvesd gated  by  Barnett  and 
ReynoldSf^^  who  report  a  response  to  neutral  particles  stightly  larger  than  the  response 
to  the  corresponding  ions#  The  rado  varies  between  1.3t  and  1.62  for  the  few  cases  iin« 

Vesti gated.  Due  to  the  complicated  nature  of  the  seodiidaiy  emission  process  and  its  de¬ 
pendence  on  the  past  hi  story  of  the  surface,  it  appears  dangerous  to  generalize  this  result. 

A  promising  method  of  calibration  has  been  pointed  out  by  Allison,  who  notes 
that  tlie  question  of  charge  dependence  can  be  obviated  by  charge  equilibrating  the  beam 
in  ei titer  a  gaseous  charge  exchange  chamber  or  more  simply  in  a  thin  metal  foil  just  prior 
to  the  lieam’s  impact  with  the  secondary  emitting  surface.  It  is  expected  that  this  latter 
method  will  be  employed  here* 

The  *'dark**  current  of  electron  multipliers  is  the  sum  of  several  contri bating 
causes.  The  first  is  thermionic  emission  from  the  dynodes.  Second,  any  residual  ions 
accolorated  back  to  the  first  dynodes  cause  the  emission  of  pulses  which  will  be  fully 
ampHRed^  Field  emission  from  sharp  paints  or  edges  at  any  electrode,  and  electrical 
ohmic  and  nonohmic  leakage  can  play  a  roll  but  are  usually  less  important  on  well  designed 
multtpliers.^^  The  dc  dark  current  output  of  electron  multiplier  type  C^TlStJ  was  measured 
and  found  to  range  from  .005  to  .01  gA  for  applied  Voltages  between  2500  and  *^500  V. 

An  RCA  Developmental  Type  C*?187J  Hostage  EleGtron  Multiplier  cage  with  ox¬ 
idized  cOpper-berylHum  dynodes  was  sealed  to  a  Vacuum  flange  and  fixed  at  the  neutral 
detector  end  of  the  instrument.  The  first  dynode  acts  as  an  atom-electron  converter.  The 
remaining  t3*stage  system  acts  as  an  electron-multiplier  which  should  provide  a  current 
gain  of  about  10"  when  the  specified  Voltages  are  applied  to  the  dynodes. 

The  secondary  emission  coeffictent  y  was  obtained  for  C^-ions  of  6  kv  energy  by 
monitoring  the  ion  current  ]|  in  the  Faraday  cup  and  measuring  the  secondary  electron  our- 
rent  at  dynode  2.  Results  are  tabulated  below: 


(mA) _  la  y  -  yii 


.006  .012  2.00 

.007  .0126  1,80 

.010  .0275  2,78 

,100  ,300  3.00 


Because  of  the  perturbing  effect  of  the  stray  field  from  the  ion  pump  magnet,  the  multiplier 

gain  was  initially  only  10*,  The  gain  was  increased  to  its  proper  value  of  10*  by  the  ex* 

pedient  of  bucking  out  the  ion  pump  magnetic  field  with  a  small  external  magnet  placed  '  ^ 

near  the  multiplier,  hiternal  and  external  magnetic  shields  have  been  constructed,  and 

will  he  adapted  to  the  multiplier  to  correct  for  this  perturbation. 

It  is  intended  to  amplify  the  100  cps  modulatod  signal  from  the  electron  mulUplter 
by  a  Tektronix  type  122  preamplifier  followed  by  a  specially  designed  narrow*hand  ampli* 

Tier  previous  to  its  detection  in  a  phase»sensitive  detector.  The  specially  designed 
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amplifier  has  2  stages  and  uses  a  Twin*T  network  in  a  regenerative  feedback  loop.  Figufe 
7  is  a  schematic  of  the  ampiifief  and  lock-in  detectdr.  The  Twin-T  filter  is  a  high*Q  three- 
terminal  network  with  maximum  impedahce  at  its  center  frequency  of  100  cps.  The  forward 
gain  is  80.  The  feedback  gain  is  variable  from  0  to  180,  fesuldng  in  a  Q  varying  up  to 
about  40  and  in  a  bandwidth  of  2.5  cps.  The  lock-in  detector  is  an  adaptation  of  a  circuit 
devised  by  Shuster"^^  for  nuclear  magnetic  resonanGe  measUfements.  Referring  to  Figure  8, 
a  random  incoming  signal  applied  at  the  cathodes  of  a  dc-balanced  twin-triode  tube  V 
leaves  the  dc-balance  condition  at  the  anodes  unchanged.  A  reference  signal  is  taken 
from  the  modulating  source  and  applied,  out  of  phase,  to  the  grids  of  the  tube.  which 
is  filtered  out  at  the  anodes  by  the  long  time  constant  of  the  RC  network  also  leaves  the 
dc-balance  conditidn  of  the  anodes  unchangedi  Only  when  the  incoming  signal  has  the 
same  frequency  and  a  fixed  phase  relationship  to  the  reference  signal  will  the  steady  bal* 
ance  condition  at  the  anodes  be  disrupted.  The  lock-in  detoctof  thus  provides  a  do  output 
Voltage  proportional  to  cos  0  where  0  is  the  phase  shift  between  si^al  and  reference 
input.  The  effective  ban^idth,  that  is,  the  band  from  which  noise  is  received,  is  half  the 
reciprocal  of  the  time  constant  of  the  filter  network  folldwing  the  detector.  ThuSj  A  = 

This  time  constant  is  adjustable  from  a  few  milliseconds  to  several  seconds,  result¬ 
ing  in  an  effecUve  bandwidth  as  nar^w  ns  Oil  cps.  Additional  gain  is  obtained  by  feeding 
the  dc  output  Voltage  to  a  dc  balanced  voltmeter  amplifier. 

Both  amplifier  and  lock-in  detector  are  powered  by  a  dc  supply  stabilized  to  0.1% 
with  respect  to  line  fluctuations. 

Tests  of  the  Twin-T  amplifier  with  sinusoidai  input  yielded  the  anticipated  values 
of  80  for  gain  and  of  2.5  cps  for  minimum  bandwidthi  The  over-all  Voltage  gain  of  the  unit 
was  about  140  for  square  wave  input. 
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F/6URE  7.  MARROW  BAND  AMPLIFIER  AND  LOCK-IN  DETECIOR 


TO  DC  AMPLIFIER 


SCHEMATIC  OF  LOCK-IN  DETECTOR 

FIOURE  8 
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Tti  VACUUM  ENCLOSURi  AND  RUMRIN6  SYSTEM 


As  wili  be  discussed  shortly,  it  is  essential  to  the  success  of  this  experiment 
that  the  lowest  possible  pressure  be  maintained  in  the  experimental  chamber.  To  this  end>, 
the  system  enclosure  is  constructed  of  mating  Hanged  stainless  steel  sections  which  are 
sealed  together  with  copper  gaskets.  Electiical  connections  are  brought  into  the  vacuum 
system  through  either  ceramic  or  kovar*glass  seals.  The  system  is  pumped  by  a  Oonsolt» 
dated  Vacuum  Corporation  25*liter/sec  ion»getter  pump.  The  fore  vacuum  necessary  to 
start  the  ion  pump  is  obtained  by  use  of  a  sorption  fore  pump.  The  entire  apparatus  can 
be  baked  at  ^0^.  As  a  result,  the  pumping  system  in  no  way  contaminates  the  apparatus 
with  organic  or  other  undesired  vapors  and  has  maintained  vacua  of  better  than  2x  tO*^ 
mm  tig. 


Mechanical  alignment  is  provided  by  the  enclosure  through  the  accurate  concen* 
tricity  of  the  mating  flanges.  Thus,  any  subcomponent  brought  into  aii^ment  in  an  indi* 
vidual  section  will  come  into  alignment  with  the  remaining  components  automatically. 
This  allows  modifications  to  be  incorporated  into  the  apparatus  with  relative  simplicity. 


20 


DISCUSSION 


Having  described  the  experimentai  method  and  apparatus  in  some  detail^  it  is  how 
appropriate  to  discuss  the  sensitivity  of  the  method  and  what  likelihood  there  is  for  the 
method  to  succeedi 

Before  entering  into  a  discussion  of  the  predicted  sensitivity,  the  indicatiohs  found 
from  initial  measurements  will  be  described.  Since  these  measuremehts  were  of  ah  extremely 
limited  nature  and  ho  calibrations  were  performed^  they  are  mendohed  dhly  as  a  hopeful 
sigh  that  the  apparatus  sensitivity  may  be  sufficient  to  measure  the  desired  Gross»sectioh'd, 
The  following  was  observed:  with  the  ion  beam  focussed  through  the  reGombiher,  the  re- 
combiner  cathode  hot,  and  the  deflecting  voltage  adjusted  so  that  the  ions  were  collected 
in  the  ion  collector^  the  dc  current  dutput  of  the  electron  multiplief  increased  by  approxi¬ 
mately  one  percent  as  the  rocombihet  electrons  were  turned  dh  by  applying  the  appropriate 
voltage  between  grid  and  cathode^  This  effect  was  repeated  stativstically  a  number  of  times 
and  can  be  explained  either  by  the  recombihatidn  of  ions  with  the  electrons  dr  by  ah  in¬ 
crease  in  pressure  resulting  in  ah  ihcrease  in  the  atom  current  formed  by  exchange  when 
the  recdmbiher  is  dh.  Since  the  heater  tempefatUfe  is  hot  varied  when  the  electrons  are 
turned  dh  and  since  ho  pressure  variation  is  observed,  it  seems  likely  that  the  effect  is 
due  to  recombinatidh.  tin  fortunately,  further  steps  to  identify  the  interaction  could  hot  be 
taken  at  that  tirne  because  of  the  depletion  of  the  idh  source.  As  will  be  seen  belowi  the 
size  of  the  obsorved  effect  was  not  unfoasdnablei  The  question  of  a  pressure  Variation 
dccurrihg  in  the  recombiher  as  the  electrons  are  turned  oh  and  off  arises  from  the  fear  that 
when  the  electrons  are  “on”  the  resultiTig  electron  bombardment  of  the  grid  will  cause 
degassihg  to  occur.  In  the  “gridless”  recdmbiher  described  earlier,  this  question  will  hot 
arise.  In  the  present  system,  the  grid,  being  inside  the  cathode,  is  at  cathdde  temperature* 
Prior  to  operation,  both  cathode  and  grid  ate  heated  to  temperatures  some  300X  higher  than 
that  normally  used.  Thus  it  is  not  unreasohable  to  hope  that  the  grid  will  not  degas  when 
bombarded.  Whether  this  is  true  or  not  will  be  checked  in  future  expefimehts  by  turning 
“off”  the  electrons  with  a  magnetic  field  without  vaiying  the  grid  cathode  potential. 

Although  it  is  hoped  that  the  question  of  apparatus  sensitivity  will  be  settled  in 
a  favorable  way  by  our  experimental  activities  in  tiie  near  future,  it  is  both  useful  and 
interesting  to  make  a  few  predictions.  It  appears  that  the  best  available  estimate  of  the 
size  of  the  recombination  coefficient  is  given  by  Hinnov  and  Hirschberg,^^  who  verify  a 
theory  based  on  a  three-body  (two  electrons  and  one  ion)  interaction  with  a  spectroscopic 
investigation  in  helium  and  hydrogen  plasmas.  Converting  their  coefficients  to  cross^ 
sections  using  equation  (8)y  estimates  of  the  size  of  Uie  current  of  atoms  due  to  reepmbi^ 
nation  can  be  made  as  a  function  of  the  effective  average  electron  density  in  tiie  recombinor* 
The  result  of  doing  this  is  shown  for  an  incoming  ion  current  of  1  pA  and  an  electron  tem¬ 
perature  such  that  kT  =  0«1  ©V  (T  ^  1161^)  in  the  table  below. 

Assuming  that  a  pressure  of  10*^  mm  Hg  is  maintained  in  the  apparatus,  the  current 
due  to  exchange  between  the  ipns  and  the  Fesidual  gas  in  the  appiuratus  over  the  ion  beam 
length  between  source  and  deflecting  plates  of  10  cm  is  calculated  taking  the  exchange 
cross-section  to  be  10*1^  cm^*  This  neutral  current  due  to  exchange  is  3*6  x  10*1^  amps 
for  an  ion  current  of  10*8  amps*  The  measured  dark  current  of  the  multiplier  referred  to  the 
multiplier  input  is  10*8/10®  «  10*18  amps.  Thus  the  spurious  dc  current  nt  the  multiplier 
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input  is  4,5  x  10*^^  amps.  The  signal  due  to  fecdmbinatidn  for  eleGtron  densities  in  the 
range  between  10^^  and  6  x  10  ^®  would  be  apprdxifnately  one  percent  of  the  spurious  do 
current.  Using  the  modulated  system,  the  signal*to-noise  power  ratio  may  be  calculated 
assuming  lull*shot  noise  is  carried  by  both  the  signal  current  (1||)  and  the  spurious  cuf* 
rent  (I^p)*  The  noise  of  the  rnuttiplier  is  accounted  for  by  its  contribution  to  the  spurious 
current.  Thus,  the  signal«to*hoise  ratio  is 


S/N 


2e(lR  +  l3p)  Af 


2e(l  +  l3p/!R)  Af 


Using  this  formula,  the  signal*to«noise  power  ratios  shown  in  the  table 
are  foundi 


EXI*EGTED  aCNAL 

AND  APPARATUS  SlNSlTlVlTY 

electrons/ cm^ 

a 

From  Ref.  (24) 
sec*^ 

Qg  =  a/v 

S/N 

cm^ 

Amps 

10® 

1.69  X  10“  ® 

8.98  X  10"®® 

8.98  X  10"“ 

0.056 

5  X  10® 

2.41  X  10“® 

1.28  X  10“® 

6.40  X  10*  “ 

2.80 

10 1® 

3.29  x.l0“® 

l.tS  X  10"  i® 

l.r5  X  l0‘“ 

22.0 

5  X  lOl® 

1.04  X  10"“ 

6.53  X  10" »® 

2.T7  X  10"  “ 

6.0  X  10® 

10“ 

1.92  X  10"“ 

1,02  X  10"  ^8 

1.02  X  10"“ 

6.5  X  10^ 

As  can  be  seen  from  the  table,  if  the  recombiDatipn  cross*sections  are  of  the  order 
of  those  shown,  tbesignaUto-noise  ratio  will  be  of  Uie  order  of  unity  or  less  at  electron 
densities  below  5  x  10^.  Clearly  this  is  the  minimum  density  that  is  permissible  in  order 
tp  get  a  measurement.  If  the  crpss*sections  are  a  factor  of  10  less  than  those  asaumed, 
a  minimum  electron  density  of  10^^  is  required.  Under  the  conditions  for  which  die  initial 
measurements  described  at  the  beginning  of  this  section  were  taken,  it  is  likely  that  the 
electron  space  charge  was  at  least  partially  neutralized.  Thus  the  electron  densities  were 
probably  in  the  5  x  10^  to  5  x  10 range.  The  one^percent  increase  in  output  with  the 
turning  on  of  the  recombiner  is  not  inconsistont  with  these  estimates. 
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CONCLUSION 


The  apparatus  to  irnplement  the  beam  method  of  rneasuring  recombination  has  been 
brought  to  a  stage  where  initial  measurements  can  be  made.  First  measurements  have  given 
some  indicatidh  that  the  method  is  sufficiently  sensitive,  although  ihsiifficieiit  data  were 
taken  to  estimate  the  cross-section.  The  work  will  continue  while  some  of  the  improvements 
indicated  for  the  ion  gun  and  recombiner  are  beiing  prepared. 


AfPiNDIX  I 

CALCULAflON  OP  POttHTlAL  AND  CHARGi  DINSITY  IN  RiCOMliNlR 

In  the  feliowing  refer  to  Figure  d.  lii  an  afrangement  ayminetrio  arpiind  the  midplane, 
a  current  density  of  electrons  (J^)  fasses  through  each  of  the  parailei  plane  grids  which 
are  separated  by  a  distance  2a  and  maintained  at  a  positive  potential  with  respect  to 
the  cathodes  at  zero  potentials  The  cathode  temperature  is  Ts  Assuming  3^  to  be  sufll« 
ciently  high  while  is  sufficientiy  tow^  the  potential  V  between  the  grids  is  depressed 
to  zero  at  x  •>  b.  Under  Utese  condidonsj  the  potential  in  the  center  plane  will  be  negative 
with  value  The  region  in  which  the  potential  is  positive  is  denoted  I,  and  where  neg^ 
ative,  IL  Since  current  is  introduced  from  both  left  and  right,  it  can  be  shown  that  in 
Region  I  the  density  p  is  given  by 

p  m  ^  2p^ll-erfyeV/kT  1  (1) 

while  in  Region  11,  by 

p  m  ^  e«V/Mt  .  (a) 

Here 

P^  -  y/rn/m  .  (8) 

The  resulting  Poisson  equations  are 

Region  I  d%/dx?  -  2  pjt^  1 1  ^  erf  ^eV/kT  1 

Region  11  d^V/dx^  s  2  p^/e^  0*^^*^"^  • 


Letting  a  >  e/KT,  the  first  integrals  of  these  equations  are 
Region  1 
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DIAGRAM  FOR  RECOMBINER  CALCULATION 

FIGURE  9 


If  equation  (4)  is  taken  to  the  lirhit  f  •*  0^  a  t  «,  the  "nontherniai**  equation  results: 


/dvV  8 

U  /  ’  *0 


m 


h( 


-  y/%)  *  (v;)  . 


in  the  following,  use  is  inade  of  the  fact  that  both  (5)  and  (6)  can  be  integrated^  Since 
equation  (6)  must  hold  for  V  sufficiently  positive,  the  correct  solution  to  equation  (4)  must 
pass  Smoothly  into  the  solution  of  equation  (6).  At  the  same  Umet  at  x  b  the  field  dV/dx 
must  be  continuous.  Using  these  conditions,  the  solution  in  Region  11  and  the  nonthermal 
solution  In  Region  1  can  be  found.  The  solution  for  the  remaining  thermal  part  of  Region  I 
can  then  be  found  by  a  relatively  short  ftaphi cal  extrapolation.  Proceeding  by  this  plan 
and  matching  (4)  and  (6)  at  x  «  b,  V  «  0,  one  gets 


aV 


m 


/r 


^  ^  (V')**  +  e®^»  (1  ^  erf  y/a 

*P6  * 


(7) 


The  potendal  will  be  found  below  from  the  nonthermal  solution.  Integrating  equation  (S), 


b  -  X 


(8) 


and  making  the  approximation  that 

sin**  Jl  *  ir/2. 


one  obtains 


ef(,/2)  Ji.1  4 


(») 


For  the  nonthermal  solution,  the  condition  that  dV/dx  ■>  0  when  V  ••  Q  must  hold.  It  then 
Mlows  from  (6)  that 


Thus  (7)  reduces  to 


2/y/Ty/u^  *  ^  (V;)*  •  0. 


(10) 
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where  b  is  found  from  (9)  and  (3)  in  terms  of 


(11) 


Thus,  in  Region  1  from  (2)  and  (8)  and  using  the  same  approximation  as  in  (0)  which  implies 
that  x/b  <  .9, 

=  e^^^^os*  (irx/2b)  (12) 

p  4  p  /Gos2  (irx/2b)  (13) 

in 

where 

flV 

p  =  2p  e  ™  (14) 

m  '^o  ’  o 

The  value  at  x  «  b  is  found  without  approximation  and  is 
P  «  2p  . 

O 


In  Region  1,  the  solution  of  the  non  thermal  equation  yields 


where 

and 


2/8 

''-(ryFf-) 

d  •  V*^y(9/2 /mTIb  Jp/'p)*"^* 
p  -  2  y  2eV/m  . 


(16) 


(18) 


Thus,  using  (10)  and  (11)  to  Ond  and  b,  (12)  and  (13)  give  the  solutions  for  the  pOten* 
tial  and  density  in  Region  II>  The  potontiai  and  density  in  the  higher  voltage  part  of 
Region  !  are  given  by  (15)  and  (16),  while  the  solution  in  the  remainder  of  legion  I  can 
be  found  if  desired  by  a  graphiGal  extrapoladon. 

As  an  illustrationi  the  solutions  for  the  case  <■  100  ma/om^,  a  ■  0.80  cm  and 
-  60  volts  have  been  plotted  in  Figures  5,  6.  The  complete  nonthetmal  solution  has 
been  shown  toe  dotted  portion  on  Figure  6  so  tiiat  the  extrapolated  le^on  la  quite 
clearly  defined. 
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Co/lfcraf/on 


If  a  sufficient  number  of  wall  collisions  are  obtained  prior  to  escapOf  the  ionization 
efficiency  can  be  made  100%  and^  noglecting  noisoy  Uie  neutrai  beam  intensity  can  be  taken 
as  being  equal  to  the  ion  current  drawn  from  the  detector. 

Spuffmrihg  and  fharmail  Nolsi 

Even  high-purity  tungsten,  when  heated,  emits  a  number  of  ions,  namely,  K,  Na, 
fib,  Ca  and  At.  Datz  et  al^^  have  shown  that  this  emission  occurs  as  fandom  pulses,  a 
single  pulse  releasing  as  many  as  10^  ions  in  less  than  lOO  ps*  The  average  frequency 
of  the  pulses  and  the  number  of  ions  per  pulse  are  temperature  and  pressure  dependent. 

As  a  result  of  these  considerations,  the  following  noise  estimates  are  made: 

•  Noise  power  due  to  sputtering:  one  100  psec  square  pulse  per  second 
of  .2  X  10*®  ions  results  in  zero»frequency  Fourier  components  of 
10*^^  amp  X  sec  ^d  of  lO*^®  watts  in  a  10®  0  impedance.  Assuming 
a  ^  db  attenuation  at  100  cps,  this  amounts  to  10*^^  watt  noise  power 

~  Thermal  noise  (kT  x  bandwidth  x  gain)  cprfe^onding  to  1200%,  a  band¬ 
width  of  1  cps,  and  a  gain  of  1,  is  1.6  x  10*®^  watt.  The  total  noise 
power  amounts  to  1.7  x  10*^  watt. 

A  conservative  figure  of  10*^®  A  for  the  recombined  beam  intensity  Would  result  in  a  signal 
power  of  10*^^  watt  and  in  a  signal-to^noise-power  ratio  of  1:17,  A  more  optimistiG  ex¬ 
pectation  of  a  signal  10*  A  would  result  in  a  signal  power  of  tO*l®  watt  and  in  a  signal- 
to^noise  ratio  of  6:1. 

Thus  it  is  clear  that  the  surface  ionization  detecting  system  is  rather  marginal  for 
this  particular  applicatioh.  The  following  optimizing  conditions  will  be  essential: 

a)  Use  of  extremely  pure  tungsten  as  contact  ionization  surface. 

b)  Use  of  the  smallest  possible  area  of  ionization  surface. 

c)  The  background  pressure  should  be  kept  as  low  as  possible. 

d)  The  modulation  frequency  should  be  as  high  as  possible,  within  the  limits  al- 
lowed  to  keep  the  input  impedance  of  the  preamplifier  sufficiently  high. 

Pfocticgl  Design 

A  surface  imization  detector  was  designed  based  on  these  optimizing  principles 
and  is  shown  in  Figure  10,  The  ionizing  surface  is  high*^purity  tungsten  (99.85%  W,  .08%  0, 
,05%  Mo,  ,02%C).  It  is  shaped  as  a  cylindncal  box  with  triangular  base,  providing,  f^ 
the  beam  entrance  aperture  A,  the  desired  multiieflecti^  path.  Two  ion^collecting  plates 
C  are  fixed,  one  on  top  and  the  other  at  the  bottom  of  the  box.  A  noninductive  heating 
element  H  is  wound  around  the  box,  with  a  heat  shield  S|.  The  detector  is  olectrically 
shielded  by  box  $2. 
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Pf  •amplifier 


A  twd«stage  preamplitief  (seo  Figure  11)  was  designed  td  match  the  ve^  high  out^ 
put  impedance  of  the  detector  to  the  leck*in  amplifieNdetectof  input  impedance*  The  pre« 
ampliner  uses  a  Victoreen  Type  5800  electrometer  tetrode  dc»coupled  to  a  Raytheon  type 
CK6418  subminiature  tetrode.  The  whole  unit  is  mounted  on  the  Range  holding  the  stem  of 
the  detector.  The  box  is  made  lighutight  to  minimize  photoelectric  grid  currents,  and  air¬ 
tight  to  minimize  leakage  in  the  input  circuiUy.  The  load-reSi stance  of  the  detector  is  a 
Victoreen  Hi-Meg  Resistor  of  10^^  0  ,  shunted  by  the  2  ggf  inout  capacitance  of  the  elec« 
trometer  tube,  resulting  in  an  effective  input  impedance  of  10^  Q  at  100  cps*  The  Voltage 
gain  was  found  to  be  25 ^  and  Uniform  over  the  frequency  range  of  5  to  2000  cps. 


5iQQ/vx-^4IA  CK64I8 


E  LEG  TROM  S  TiR  P  R  E  A  M  PL  I  FI  i  R 
FIGURE  II 

TttM 

A  leak  developed  in  the  stem,  just  prior  to  the  tests  of  the  detector.  Because  of 
this,  and  because  more  promising  results  were  anticipated  with  the  secondafy^emissioii 
detector,  further  tests  on  this  device  have  been  post^ned. 
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APPiNOIX  Hi 

THE  SCINTILiAtlON  gEtfCtOR 


Pfheiph 

Dunng  the  course)  of  study  of  ion  exchange  as  a  means  of  calibrating  fast  atom 
detectors^  the  possibility  arose  of  using  the  light  emitted  when  fast  cesium  atoms  hit  a 
thallium-aGtivated  Cs  1  crystal.  This  method  has  been  used  by  Hall^^  and  by  several 
othefs®^*®^  in  their  measurements  of  charge  exchange  equilibria  of  fast  molecular 
beams. 

The  excitation  of  crystals  by  atom  collision  is  a  complex  phenomenon  involving 
Compton  and  photoelectric  effectSj  as  well  as  charge-exchange  and  other  inelastic  proc¬ 
esses.  In  the  low-energy  region,  the  Comptoh-effect  seems  to  predominate;  and,  due  to 
their  high  mass  number  and  hence  high  momentum  value,  even  felatively  low-energy  Cs 
atoms  are  likely  to  cause  excitation.  The  scintillator  charaGteristics,  its  emission  spec^ 
trumj  its  efficiency ^  and  its  decay  time  are  determined  by  the  molecular  properties  of  its 
components,  its  impurity  content,  and  its  crystal  structure. 

An  interesting  feature  of  the  excitation  is  that  charge  equilibrium  of  the  beam  is 
Obtained  as  soOn  as  the  particle  enters  the  crystal  and  thati  as  a  consequence,  the  exci¬ 
tation  is  charge  insensitive.^^  The  same  scintillation  matejrial  can  be  used  to  measure  the 
relative  intensity  of  the  neutral  and  of  the  charged  beam  components,  with  no  change  in 
response.  A  calibration  chart  established  for  ions  should  be  valid  for  neutral  atoms. 

Another  interesting  feature  of  this  detecting  system  is  that,  in  association  with 
proper  electronic  circuitry  (pulse  height  discrimination),  it  leads  itself  to  a  display  of 
the  energy  spectrum  of  the  incident  beam.  As  an  example,  using  this  technique  and  the 
coincidence  detection  technique,  Sweetman^^  andGuidini^^^^were  able  to  isolate  the  four 
main  processes  involved  in  the  dissociation  of  in  Gollision  with  gases. 

Only  the  scintillation  crystal  needs  to  be  irradiated  by  the  beam;  the  photpmuU 
tiplier  tube  can  be  mounted  outside  the  vacuum  chamber,  provided  it  is  optically  coupled 
to  the  crystal.  This  eliminates  a  variation  in  gain  due  to  slow  contamination  of  the  dy nodes 
by  Cs  deposit,  or  by  oxygen  when  the  system  is  assembled, 

$9n$iflvlfy 

In  evaluating  this  detection  method,  several  factors  have  to  be  considered  with 
their  effect  on  signal  and  noise:  the  scintillation  material  efficiencyi  the  optical  coupling 
between  scintiUator  and  photocathode,  the  photpcathode  radiant  sensitivity,  the  dark  cur¬ 
rent,  and  the  mulUpUer  gain. 

Si^al 

A  typical  figure  for  the  conversion  efficiency  of  a  CsIsTh  costal  is  Che  production 
of  one  photon  of  5O0OA  per  90  eV.  Hence,  a  beam  of  10*  of  6  kv  Cs^atgins  should 
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dxcite  4  X  photons  per  second^  or  a  radiant  power  of  .16  /ipW  at  a  wavelength  of 
SdOOA.  Taking  die  opdoal  coupling  constant  as  O.St  the  power  reaching  the  photocathode 
should  atnount  to  .08  With  a  value  of  over«ali  radiant  sensidvity  of  0.6  Amp/pW, 
such  as  is  exhibited  by  RCA  Type*7265  phototube,  the  original  beam  should  result  in  a 
muldplier  output  amount  of  S  x  10*^A. 

Dark  Current 

The  equivalent  dark«Gurrent  input  of  the  photomultiplier  at  room  temperature  is 
2  X  10*^^  lumen)  resulting  in  an  anode  output  current  of  0.3  x  10‘^A.  The  equivaient 
noise  input  for  a  bandwidth  of  1  cps  is  about  10*^^  lumen,  resulting  in  a  noise  output  of 
current  of  1.4  x  10‘®A. 

Other  Radiont  Noise  Sourees 

A  good  detection  efficiency  for  Cs  atoms  demands  a  scintillation  material  with 
high  density  such  as  the  alkali  Iodides,  and  their  emission  spectrum  in  turn  (4200  to 
6200A)  dictetes  the  Choice  of  Type  $^20  photocathode  insofar  as  its  spectral  response 
is  concerned.  The  vacuum  chamber  of  the  recombination  apparatus  now  contains  two  light 
sources,  the  ion  heater  and  the  recombiner  heater;  both  are  oxide  coated  and  heated  to 
1150«l200^<i  Taking  0.5  as  an  average  value  for  the  emissivi  ty  of  the  oxides,  the  energy 
radiated  at  4200  A,  where  type  S*20  photocathode  exhibits  maximum  sensitivity,  is  10*^ 
of  die  maximum  radiant  ener^  of  several  watts  emitted  by  the  hot  oxides  at  OSqOOA.  As« 
suming  an  attenuation  factor  of  10  in  the  opdcal  transmission  path  between  heaters  and 
photocathode,  we  are  still  left  with  10*3  watts  incident  on  a  photocathode.  This  results 
in  a  prohibidve  input  sipal  to  noise  power  ratio  of  lO*^®/!©*®  ■  10“®. 

These  consideradons  eliminate  the  possibility  of  using  the  scin dilation  detectors 
for  the  planned  experiments. 


33 


Bl  BUrOGRAPHY 


1.  Hayner,  L«  Jm  '*Uber  StrofiiVerlaMf  and  Li  Ghtemissidn  im  Qudcksilberbogen  nach 
Ausschaltung  der  Spannung/*  ZHtschrift  Fur  PhyMki  Volume  35,  Januai^  9|  1:926, 
pp«  365*386. 

Kentyf  G.,  **The  ReGombi nation  of  Argon  Ions  and  ElectFons,**  PhyHeui  RiBi>iew^ 
Volume  32,  Ootober  1928,  pp.  624-635, 

3.  Mohlef,  F.  L.,  **fteGombi nation  Spectra  of  AtomiG  lons  and  Electcona,**  PhyHGal 
Review^  Volume  31,  February  1928,  pp.  187-194. 

4.  Mohler,  F.  L.  ,  ^'Recombination  and  Photo^loniaation,’'  Reviews  of  Modern  PAyatca, 
Volume  1,  OGtobef  1929,  pp.  216-227. 

6.  Boeckner,  C.  and  Mohler,  F.  L«,  "Photo46nization  of  Caesium  Vapor  by  Absorption 
Between  the  Series  Lines,’*  Bureau  of  Standards  Journal  of  Resedrehj  Volume  5, 
October  1930,  pp.  831-842. 

6.  Mohler,  F.  L.,  "Recombination  of  Ions  in  the  Afterglow  of  a  Cesium  Discharge,** 
Bureau  of  Standards  Journal  of  Researeky  Volume  19,  October  1937,  pp.  447-456* 

7.  Mohler,  F.  L.,  ''Recombination  in  the  Afterglow  Of  a  Mercu^  Discharge,**  Bureau  of 
Standards  Journal  of  Research^  Volume  19,  November  1937,  pp.  589«566. 

8.  Graggs,  J,  D.  and  Hppwood,  W.,  "Electron  *  Ion  ReOombination  in  Hydcogen  Spark  Dis- 
charges, "  Proceedings  of  the  Physicai  Society^  Volume  69,  September  1,  1947, 

pp.  771.781. 

9.  Biondi,  M.  A.  and  Brown,  S.  C.,  "Measurements  of  AmbipOlar  Diffusion  in  Helium,** 
Physical  Review^  Volume  75,  June  1,  1949,  pp,  1706^1765. 

10.  Biondi,  M,  A*  and  Brown,  S.  C.,  "Measurement  of  Electron-Ion  Recombination,** 
Physical  Review^  Volume  76,  December  1,  1949,  pp,  1697.1700, 

11.  Holt,  R.  B.,  Richardson,  J.  M.,  Howland,  B.  and  McClure,  B.  T.,  "Recombination 
Spectrum  and  Electron  Density  Measurements  in  Neon  Afterglows,**  Physical  Revisw^ 
Volume  77,  January  15,  1950,  pp,  239.241. 

12.  Dandurand,  P.  and  Holt,  R.  B.,  "Electron  Removal  in  Mercury  Afterglows,**  Phy steal 
Review^  Volume  82,  June  16,  1951,  pp.  868^873. 

13.  Redfieled,  A,  and  Holt,  R,  B.,  "Electron  Removal  in  Argon  Afterglows,**  Physical 
Review^  Volume  82,  June  15,  1951,  pp.  874.876. 

14.  RichardspD,  J.  M.  and  Holt,  R.  B.,  "Decay  of  the  Hydrogen  Pischarge,**  Physical 
RevieWy  Volume  81,  January  1)  1951,  pp,  153.154, 

15.  Biondi,  M.  A.  and  Holstein,  T.,  "Concerning  the  Mechanism  of  Electrpn-|on  Recombi¬ 
nation,**  physical  RevieWy  Volume  82,  June  15,  1951,  pp,  962»963, 

16.  Stueckelberg,  E.  C.  Q,  and  Morse,  P,  M«,  "Computatipn  of  the  Effective  Cross  Section 
for  the  Recombination  of  EleGtrons  with  Hydrogen  Ions,**  Physic^  RevieWy  Volume  36, 
July  1,  1930,  pp.  16-23, 


34 


BlBLiOGRAPHY  (C©ntlnued) 


17*  Bates,  D.  R.,  Buckingham^  R.  Massey,  H.  S.  W.  and  Unwiiii  J*  J«,  ’^Dissdciatidhf 
Recombinatidh  and  Attachment  Processes  in  the  Upper  Atmosphere,**  Pfoeeedinga  of 
the  Royal  Society  of  London^  Vdlume  170,  ApfU  3,  1939,  pp.  i22*340. 

18.  Bates,  R.  and  Massey,  S*  W.,  **Negative  16ns  of  Atomic  and  Molecular  Oxygen/* 
Philo aojyhical  TranaaCtidna  of  the  Royal  Society  of  London^  Volume  239,  April  2,  1943, 
pp.  269-304. 

19.  Bates,  D.  R^,  ‘‘Dissociative  Recdmtoinatidn,**  Phyaicat  Reidew,  Volume  78,  May  18, 

1980,  pp,  492*493  i 

20.  Bates,  D.  R.,  “Electron  Recombination  in  Helium,**  Phyaicat  Review,  Vdlume  77, 

March  1,  1950,  pp.  718*719. 

21.  Brdwh,  S*  C^,  “Basic  Data  of  Plasma  Physics,*’  John  Wiley  and  Sons,  1959,  p.  195. 

22.  D’Angelo,  N.,  “Recdmibination  of  Ions  and  Electrons,**  Phylncal  RevieWi  Volume  121, 
January  15,  1961,  pp^  805*507. 

93i  Kuckes,  A.  P.,  Motley,  R,  W.,  HinnoV,  E.  and  Hirschberg,  J.  0.,  “ReGomibinatidn  in  a 
ileluim  Plasma,**  Physical  Review  Lettera,  Vdlume  6,  April  1,  1961,  pp.  337*339. 

24.  MinndV,  E.  and  Hirschberg,  J.  G.,  “Electrdn*ldn  Recdmbinatidn  in  Dense  Plasmas,** 
Physical  Review,  Vdlume  125,  P^ebruafy  1,  1962,  pp.  795*801. 

25.  Bates,  D.  R.  and  Kingston,  A.  E.,  “Recombinatidn  through  Electron-Electron  Cdllisidns/’ 
Nature,  Vdlume  189,  Februa^  25,  1961,  pp.  652*653. 

26.  McWhirter,  R,  W.  P.,  “Rates  of  ReGombination  in  Mydrogenic  Plasmas,**  Nature,  Volume 
190,  June  3,  1961,  pp.  902-903. 

27.  Byron,  $.,  Stabler,  R.  C.  and  Bortz,  P.  I.,  “Electron-Ion  Recombination  by  Collisidnal 
and  Radiative  Processes,**  Physical  Review  Lettera,  Volume  8,  May  1,  1962,  pp.  376^879. 

28.  Johnson,  E.  D.  and  Matter,  L.,  “A  Floating  Double  Probe  Method  for  Measurements  in 
Gas  Discharges,**  Physical  Review,  Volume  80,  October  1,  1950,  pp.  58-68. 

29.  Jeans,  J.,  “4a  Introduction  to  the  Kinetic  Theory  of  Qaaea,-*  Cambridge,  1948, 

-pp.  138-141,  see  equation  160.  In  Jean’s  notation 

I  =  C  yj  huT^  where  h  *  l/2kT 

2 

C  =  Vj  1/2  -  and  Q  «  irSjg  *  Kennard  ^  Kinetic  Theory  of  Qaaea. 

McQraw  Hill,  1938,  p.  107, 

30.  Massey,  H,  W>  §.  and  Burhop,  E,  H.  S.,  **Electronic  and  Ionic  Impact  Phenomina/- 
Qxford  at  the  Clarendon  Press,  1st  edition,  1952,  p.  619, 

31.  Ibid,  p,  483. 

32.  Blewett,  J.  P,  and  Jones,  E.  J.,  “Filament  Sources  of  Positive  Ions,”  Physical 
Review,  Volume  50,  September  1,  1936,  pp.  464«468. 

33.  Berghammer,  J.,  Bloom,  Eichenbaum,  A.  L*  and  Hammer,  J.  M.,  “Generatim  of 
‘Cool*  Electrons  for  Low-Npise  Microwave  Tubes,”  Third  Semi-Annual  Report  RCA 
Laboratories,  Contract  No,  DA  36^89-sc^78151,  March  15,  1960,  pp, 


35 


B1  BLiO  GR  AP  H Y  ( Gon  U  nued) 

34*  Span^renborg,  K*  Vacuum  Tubea,  McOraw-Hill,  1948,  Chapter  13. 

36.  Piierce,  J*  R.,  Theofy  and  Design  of  Etectfon  BedmSy  D.  Van  Nostrand  Co.^  New  Vofk, 
Second  Edition  1964j  p.  151,  Pierce’s  Fonnula  9.1?  if  the  numerics  are  not  inserted 
beGomes  equation  (10)* 

36.  Smith,  L.  P.  and  Haftinan,  P,  L.,  “The  Formation  and  Maintenance  of  Blectfon  and 
Ion  Beams/*  Journal  of  Applied  Physics,  Volume  11,  March  1940,  pp.  220-229. 

37.  Ash,  E.  Ai  and  Gabor  D*j  “Expetimental  InVesUgaUons  on  Electron  Interaction/* 
Proceedings  of  the  Royal  Society  of  London,  Volume  228,  March  22,  1955,  pp*  4??»490. 

38.  Spangenberg,  100*  cit,  pp,  180-181* 

39*  Rostagni,  C*,  “Untersuchungen  tJber  Langsame  lonen  and  Neutralstrahlen,** 

Zeitschfift  fur  Physik,  Volume  88,  February  1921,  p,  55. 

40.  Montagne,  J.  11.,  “Electron  Loss  Cross-Sections  for  Hydrogen  Atoms  Passing  through 
Hydrogen  Gas/*  PhyaiCal  Review,  Volume  81,  March  15,  1961,  p.  1026* 

41.  Stior,  P*  M*,  Barnett,  C.  F*^  Evans,  G.  E*,  “Charge  States  of  Heavy-Ion  Beams  Passing 
through  Gases,**  PhyHcat  Review,  Volume  96,  November  1954,  p.  9?3. 

42.  Fedorenko,  N.  V.,  “Dissociation  of  the  Molecular  Ion  in  Collision  with  Gases/* 
Soviet  Physics  JETP,  Volume  36,  August  1959,  p.  267. 

43.  Paetow,  H.,  Walcher,  W.,  ’‘Influence  of  Adsorption  Layers  Upon  the  Impact  of  Caesium 
Ions  in  Tungstem,’*  Zeitschrift  furPhysik,  Volume  110,  1938,  p.  69. 

44.  Barnett,  C.  F.,  Reynolds,  H*  K.,  “Charge  Exchange  Cross-Sections  of  Hydrogen 
Particles  in  Gases  at  High  Energies,**  Physical  Review,  Volume  109,  Januafy  1958, 
p.  355. 

45.  Allison,  S,  K.,  “Experimental  Results  on  Charge  Changing  Collisions  of  Hydrogen 
Atoms  and  Ions  at  Kinetic  Energies  above  0.2  kev,’*  Review  of  Modem  Physics, 

Volume  30,  October  1958,  p.  1137, 

46.  Morton,  0.  A.,  “Photo-multipliers  for  Scintillatipn  Counting,**  RCA  Review,  Volume 
10,  December  1949,  p,  525. 

47.  Schuster,  N.  A,,  “A  Phase-Sensitive  Detector  Circuit  Having  High  Balance  Stability,** 
Review  of  ScienUfie  Instruments,  Volume  22,  April  1951,  p.  254. 

48.  Langmuir,  L,  Kingdom,  K.  U.,  “Thermipnic  Effects  Caused  by  Vapours  of  Alkali 
Metals,**  Proceedings  of  the  Royal  Society,  Series  A,  Volume  107,  January  1,  1925, 
p.  61, 

49.  Taylpr,  J,  B,,  Langmuir,  L,  “The  Evappration  of  Atoms,  Ions  and  Electrons  ffpm 
Caesium  Films  pn  Tungsten,**  Physical  Review,  Volume  44,  September  1933,  p.  423, 

50.  Cppley,  M.  J,,  Phipps,  T.  E.,  “The  Surface  Ipnizatipn  of  Potassium  on  Tungstenu, 
Physical  Remew,  Volume  48,  December  1935,  p,  960. 


36 


B I BLIO QR ABH V  ( C6ft tl fiued) 

61.  DatZ  j  S.,  Taylor,  E.  H.^  "Ionization  on  Plalimum  and  Tungsten  SurlaceS  ~ 

The  Aikaii  Metals,"  Journal  of  Chemieal  Physics,  Volutne  25,  Septeniber  1966,  p.  389, 

62.  Minturn,  E.  E.,  Oats,  S.,  Taylor,  E.  H<,  *'Thernial  Emission  ol  Alkali  ton  Pulses  from 
Clean  and  Oxygenated  Tungsten,"  Journal  of  Applied  Physies,  Volume  31,  May  1960, 
p.  876. 

63.  Hall,  Th.,  "Ratio  of  Cross*Section<s  for  Electron  Capture  and  Electron  Loss  by  Proton 
Beams  in  Metals,"  Physical  Iteview,  Volume  79!,  August  1950,  p.  604. 

64.  Sweetman,  D»  R.,  "Dissociation  of  Hg  Ions  by  Hydrogen,”  physical  Review  Leuers, 
Volume  3,  November  1, 1969,  p.  426. 

66.  Quidifli,  J.,  Delna,  R.,  Briffod,  G.  and  Manus,  C.,  "Etude  des  reactions  produites 
par  des  ions  moleculaires  d’hydrogbne  traversant  un  gaz,”  Compte  Rendus^  Volume 
261,  November  28,  I960,  p.  2496. 

66.  Guidini,  J.,  "Etude  des  reactions  produites  par  un  faisceau  d’ions  moleculaires 
traversant  des  gaz  d’hydrogbne  et  d'hilium  neutres,”  Compte  Rendus,  Volume  262, 
May  1961,  p.  2848. 


i 


37 


K&dio  Corporation  of  Arnorica 
ContraGt  DA44*lt7.TC‘894 

DlStRlBUnON  LIST 


Ofe  of  Ord,  ODDR&E  . . 

First  US  Army  . . . . . . . 

Fourth  US  Army . 

Sixth  US  Army  ...iu...;  . . . . . 

USACGSC . . . 

USAARMBD  . . . 

USAAVNBD  . . . 

USATMC  (FTZAT),  ATO . 

USAPROC . . . 

pCSLOG  . . . . . . 

Rseh  Anal  Corp . 

ARO,  Durham . . . 

Ofc  of  Maint  Bngri  ODDR&B,  OSD  . 

NATC  . . ; . . 

ARC,  OCRD . . . . . : 

CRD,  Earth  Sen  Div  . . 

USAERDL  . . . 

USAOTAC,  Center  Line . 

OtdBd  . 

QM  Comb  Dev  Ag . . . 

QMRECOMD . . 

QMFEA  . 

QMFSA  . 

SigBd  . 

USATCDG . 

USATB  . 

USATMC .  . . . 

USATSCH . . 

USATRECOM  . 

USATTCA . 

USATTCP . . 

OUSARMA . 

USATRECOM  LQ,  USARDQ  (EUR) 

USAEWES  . . . ......... 

C  COi  721st  Trans  Bn  (Ry  Qpr)  .... 
B  Co,  721st  Trans  Bn  (Ry  Opr)  .... 

USATDS  . . . . 

USARPAC . 

USARHAW..... . 

ALFSEE . . . 

USAOOMZEUR . . 

AP(3C(PQAP!) . 

AirUnivLib  . . . ... 


Interim  Report  No^  1 


Hd  .  o  f  Copi  e  o 

2 

1 

1 

1 

1 

1 

1 


1 

1 

1 

2 

1 

1 

1 

1 

2 

4 

1 

1 

1 

1 

1 

2 

1 

1 

20 

4 

24 

1 

1 

1 

1 

3 

1 

2 

2 

1 

2 

1 

3 

1 

1 


33 


DiSTfilBUtiON  LIST  (Cdntlausd) 

No.dfCopie$ 

ASD  (ASIlMPf)  . . . . .  1 

CNO . . . . . . . . . . . .  1 

CUR  . . . . . . . . . . . . . .  3 

BDWEPS,  ON  . . . . . . .  4 

ACRD(OW),  ON  . . . . . . . . . . . . .  1 

IISNGEL  . . . . . . .  1 

IISNSROF  . . . . . . . . .  1 

Bl)  Y&O  i  ON . . . . . . . . . . . . . .  1 

OSNPQSCH . 1 

Oav  Tay  Mod  Baa . . . . . . .  1 

MOLFOC  . . . . . . . . . . . .  1 

MCEC  ......  . . . . . . . . . .  1 

IISCQ  . . . . . . . . . . . . . .  1 

NAFEC  . . . . . . . . . . . . . . . .  3 

Langley  Rsch  Ceft,  NASA  . . . .  2 

MSC,  NASA . . . ..; . . . . . . . . .  1 

NASAi  Wash.,  0.  C. . . . . . . . . . . . . . . . .  6 

Ames  Rsch  Cen,  NASA . 2 

Lewis  Rsch  Con,  NASA  . . . . . . . . . . . . . .  1 

Sci  &  Tech  Info  Fac . 1 

USQPd  .  1 

ASHA  . 10 

USAMROC . 1 

USAMRL  . 1 

HUMRRO  .  2 

CIA  . 1 

RCA . 10 

USSTRICOM  . 1 

MOCOM  . 8 


W  is 

a  si 


I  ^ 


Mini 


I  . 

il'il  t% 

illf  li 


l£B>- 
8  /  fo: 

1^1' 


z 

•sag 


w 

^  ss 


^  A 

I  *ti 
s  ll 

>«  ‘S  ^ 

'*<i| 

r-i ' 
l&^s 

l-ss 

fi  t  So 


I  ll  sil-^  * 


g  8|o  i 

^<8:1^  a 


s 

llll 


111 2!^ I 

lid  dl-^  d 


Si  if  a 

£iil: 


MlHlli 

nkW 

l|-5's2|® 

si  9  S^ll S 


III 

o  •  Q  X 

ss  ^  o  a 
^  fl  S  - 


ir«>‘ 

I  -e®  i 

I  ^  jJ  I 

4ig 

•sis 

S^is 

fill 

jS  M  b  ^ 

0352 

^  lll< 


S  A 

a  1 1 

i  sll 


*|l|1l^1 

lllslsl* 

•  «i  8  «>  S  •  pi^  S 

[|l2?^|i 

SaHlIf 


|j:|3 

9tlMA 


S 

i.|  I 
ilHlI 

I  i|  ll 

filial 


sS 

isli 


Jilj  S| 

Jllldl 


•III 

o  «  O  5 

^  Sgo 

||i>^ 

! 

^lic: 

his 


M?i* 


^53 

i!ii 
.  sii® 

I  'S®’i  ' 

iflli 

itiU 


l§i!.52a 

|l's  I 
•  §  8 |l M  8 


slilllsli 


|t|||S  j| 

tflssB^^Ssa 

fiijlllli 


